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ABSTRACT
Calibration of YSZ Sensor for tbe Measurement of Oxygen Concentration in LBE
by
Ramkumar B. Sivaraman
Dr. Yingtao Jiang, Examination Committee Chair 
Professor of Electrical and Computer Engineering 
University of Nevada, Las Vegas
Although liquid lead-bismuth eutectic (LBE) is a good candidate for coolant in the sub-
critical transmutation blanket, it is known to be corrosive to stainless steel tubes and
containers used in nuclear installations. To prevent the long-term corrosion problem by
producing and maintaining a protective oxide layer on exposed surface of stainless steel,
it is essential to accurately measure and control the oxygen concentration dissolved in
LBE. An automobile style voltametric oxygen sensors, with YSZ (Yttria Stabilized
Zirconia) as electrolyte and molten bismuth saturated with oxygen as reference was
selected. An instrumentation system was designed specifically for calibrating the YSZ
sensor and measure oxygen concentration in LBE. An initial setup was built and some
preliminary experiments were conducted to calibrate the oxygen sensor. A set of
calibration curves of voltage vs. temperature ranging from 300°C to 500°C under various
oxygen concentrations in liquid LBE was obtained and presented here. A new improvised
setup and instrumentation have also been developed to obtain more accurate results for a
wide range of temperature between 300°C to 700V.
Ill
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CHAPTER 1 
INTRODUCTION
Due to the relatively high solubility of the major alloying components of steel used in 
nuclear systems, liquid lead-bismuth can be severely corrosive to steel. The long term 
reliability of piping made of such material is determined by its resistance to being 
dissolved, eroded and corroded by the LBE liquid. If a protective layer of oxide can be 
maintained on the surface of the stainless steel tube exposed to liquid LBE [I], the 
resistance of piping can be greatly enhanced. Since the oxygen chemistry is sufficiently 
well known, by controlling the temperature and the concentration of oxygen dissolved in 
liquid LBE, we can maintain the oxide layer. Thus, it is of critical importance to 
accurately measure the oxygen-concentration in LBE, after which the active control of 
the oxygen concentration becomes possible.
Material Test Loop (MTL) has been designed specifically in LANL to study the 
thermo-hydraulic and corrosive behavior of liquid lead bismuth eutectic before it can be 
used as a candidate for spallation target and nuclear coolant applications. The main 
objectives in building the MTL facility are [6] [II]:
(1) Study of the long term corrosive effects of liquid lead-bismuth on materials;
(2) Study of the oxygen control system in the liquid lead bismuth flow;
(3) Study of natural convection flow in a liquid lead-bismuth system;
(4) Study of liquid lead-bismuth coolant properties.
1
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(5) Enhance the LBE technology data-base in support of the spent nuclear fuel 
transmutation and advanced nuclear reactor applications.
The LBE carriers of MTL are made of stainless steel 316/316L. Although LBE has 
exceptional properties suitable for nuclear coolant applications, it is also highly corrosive 
to stainless steel 316/316L. The corrosion is due to relative high solubility of the base and 
major alloying components of steel, such as Ni, Fe, Cr, etc., in lead-bismuth. Without 
some protective means, the steel tubes carrying the nuclear coolant would be rapidly 
corroded via dissolution and mass transfer.
Various methods have been found to prevent corrosion in steel [1], such as
(1) Usage of high carbon content steels, or refractory materials such as alumina, 
nitride, and silica glass which are highly resistant to LBE corrosion. But 
practically, they cannot be employed for large scale installations.
(2) Addition of Inhibitors like Zr, Ti, Mg etc., but correct concentration of inhibitors 
to be maintained in the liquid and there is an adequate reserve of carbon and 
nitrogen in the steel.
(3) Coating of steel surface with nitride or oxide protective films beforehand. 
However, experiments have shown that it is not suitable for long term operation.
(4) Pre-oxidation of steel would prevent mass transfer corrosion through oxygen 
exchange in non-isothermal lead and bismuth from the substrate.
The first three possibilities cannot be considered practically because of the above- 
mentioned reasons. However, pre-oxidation of steel can be considered for corrosion 
prevention only if the level of oxygen concentration in LBE is controlled at an accurate 
low level.
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1.1 Oxygen Control in LBE 
The active oxygen control technique exploits the fact that lead and bismuth are less 
reactive to oxygen than iron, nickel and chromium which are the major alloying 
components of steel structure used in nuclear installations and test loops [2], Thus by 
precisely maintaining the exact oxygen concentration in LBE, it is possible to form iron 
and chromium oxides on the inner surface of the steel structure in contact with LBE and 
at the same time preventing any deposition of lead or bismuth oxides. The iron and 
chromium oxide film effectively separates the substrate from LBE as shown in the figure 
below.
PbO
Steel 1 .X ; ^ — I  Pb \  LBE
Figure 1.1: The dynamic process of lead reducing iron oxide film and iron reforming 
oxide constitutes the self-healing protective oxide film
In order to figure out the precise oxygen concentration, it is essential to know about
the free energy formation of oxides of LBE and steel components.
For all the following calculations, the data from Oxide Handbook [3] and data book
from Institute of Physics and Power Engineering (IPPE) [4] are used.
The equilibrium reaction of corrosion involving Fe and its oxide can be expressed as
[1],
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~  ̂ ^(s) + ^  ̂ 2(g) -  -  ̂ ^3^4(s) (1.1)
and the equilibrium constant is
K ,  =
^1/4a Fefi,
1 ^ 3/4 \ n  n l/2a  Fe(s)a 0;(g) r  O,
exp
RT
(1.2)
where
is the active concentration of species M (mol),
AF is free energy of formation,
R is gas constant (8.3144 J/mol K),
T is temperature of the medium (K), and
Pq2  is oxygen partial pressure (Torr)
Since iron and its oxides are solid deposits and insoluble in lead and bismuth 
and Op, are unity. The equilibrium constants for Ni and Cr can also be expressed in a 
similar way.
The chemical reaction involving lead oxide formation can be expressed as.
(1.3)
and the equilibrium constant can be expressed as.
^2 =
'■PbO
^Pb ■̂’
exp
RT
(1.4)
where ap^Q=l. Similarly the free energy of formation for bismuth can be 
obtained.
The temperature dependence of free energy of formation can be generally expressed 
as [1] [3],
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A F " = A ,+ S ,r ,  (1.5)
The values of A, and 5, for the relevant species are tabulated below [1],
Table 1. Free Energy of Formation data (obtained from Oxide Handbook)
A F \ j l m o l ) BizO] PbO NiO Fe304 CrzOg HzO NazO
A, -582070 -220670 -237520 -1108300 - - -
Bi 282.0 101.0 88.04 313.3 11377 24557 42037
00 0 0
260.5 54.45 145.6
Using the equations above, a plot has been done below showing the free energy of 
formation of several major alloying components of steel and LBE.
ÎBŒZZZ- 200 -
NiO
-400-
-800-
- 1000 -
-1200
200 400 600
Temperature (deg. C)
800
Figure 1.2: Free energy of formation for various species in steel and lead bismuth.
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The above graph reveals the fact that continuous addition of oxygen into the system 
results first in the formation of Chromium oxide, then iron oxide and then later lead oxide 
and finally bismuth oxide. On the other hand continuous removal of oxygen pushes the 
reaction in the opposite direction resulting in the dissolution of oxides into their 
corresponding metal and oxygen. Hence if we could maintain the partial pressure of 
oxygen between the lower limit of iron oxide formation and the upper limit of lead oxide 
formation, as depicted in equations (1.2) & (1.4), we would be able to maintain the 
protective layer of iron and chromium oxides acting as a barrier between steel surface and 
lead-bismuth.
In order to practically control the oxygen content, it is essential to derive a relation 
between oxygen partial pressure and its corresponding concentration. Using Henry’s Law 
[1], this relation can be expressed as.
log PO2 = 2 logco-logc,_o + PbO
2.303ÆT
= 21ogC(, -h8.16-
16261
( 1.6 )
where
'■PbO
/
is active lead oxide concentration,
/  '-'iO
Cq is oxygen concentration in LBE, and
C,o is oxygen solubility in LBE
The above equation would be useful to calculate the amount of oxygen to be injected 
into the system to maintain oxygen level.
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1.2 Oxygen Thermodynamic Activity (OTA) in LBE
Oxygen Thermodynamic Activity (OTA) in LBE is another convenient parameter to 
work with oxygen concentration. The oxygen concentration derived in equation (1.6) is 
simply related to OTA through the following equation as [1],
log « 0  = log Co -  log c, o -  log Co -1 .2  + (1.7)
We can also express the relation of Fe concentration to OTA similarly using the 
above equation as [1],
= - 2 l 0 g c ^ ,+ 0 . 3 1 8 - ^
The figure below illustrates a plot between oxygen concentration and temperature of 
the system. If the concentration exceeds above ao=l, coolant contamination (lead and 
bismuth oxide precipitation) takes place. If it falls below amin. iron oxide reduction takes 
place. However, one cannot find a static equilibrium because the temperature dependence 
of constant oxygen concentration do not coincide that for the constant Fe concentration, 
while in the turbulent flow systems both are roughly constant in the bulk of LBE.
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CONTAMINATION
- 2 - lENCON' ILLED
-4-
I -10
- 6 -
-12
-10
2.01.6 1.81.41.0 1.2
1000/T(1/K)
Figure 1.3: The regime of thermodynamic activity of oxygen in LBE for proper oxygen 
control to prevent corrosion and combination
Hence if we could maintain oxygen partial pressure (or concentration) in 
between these two limits, viz., ao=l and amin, we are certain that iron oxide dissolution 
can be reduced to a significant amount.
1.3 YSZ Sensor Operation 
Yttria Stabilized Zirconia Sensor can be classified under the sensor type 
electrochemical sensor wherein the sensor output would be in form of electrical 
parameters like voltage, current, capacitance resistance etc.
1.3.1 Electrochemical Sensor 
The electrochemical sensors are the most versatile and better developed than any 
other chemical sensor [7] [12]. Depending upon the operating mode, they are divided into 
sensors which measure voltage (potentiometric), those which measure electric current
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(amperometric), and those which rely on conductivity (conductometric). In all these 
methods, special electrodes are used where either a chemical reaction takes place or the 
charge transport is modulated by the reaction. Thus the essential parts of an 
electrochemical cell are a positive and a negative electrode to dissipate charges or 
electrons and an electrolyte to transport charges or electrons from one electrode to 
another.
Negative
electrode
Positive
Electrode
Electrolyte
Electrometer
Figure 1.4; Schematic arrangement of an electrochemical cell
A fundamental rule of an electrochemical sensor is that it always requires a closed 
circuit, that is, an electric current (either ac or dc) must be able to flow in order to make a 
measurement [7]. Since YSZ sensor output is in the form of voltage, it is called as 
voltametric or potentiometric sensor.
Potentiometric Sensor uses the effect of the concentration difference during the redox 
reactions occurring at the electrode- electrolyte interface in an electrochemical cell. An 
electrical potential is developed at this interface due to redox reaction which takes place 
at each electrode surface. The reaction can be depicted as.
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Ox + ne~ - K t d  (1.9)
where Ox denotes the oxidant, n the number of electrons. Red represents the reduced 
product.
This reaction occurs at one of the electrodes and the reaction proceeds in the opposite 
direction at the other electrode. Under the thermodynamic quasi-equilibrium state, there 
exists a difference in charge at the two electrodes leading to a potential difference 
between the electrodes. This potential difference can be expressed through the famous 
Nemst equation shown below, which assumes a perfect porous membrane, perfect 
electron transfer at interfaces, and cannot deal with offsets due to interface resistance.
K T  C
E ^ E ^ +  I n - ^  (1.10)
where
Co and C r are concentrations of Ox and Red respectively, 
n is the number of electrons transferred,
F is Faraday constant (96484.6 C/mol),
R is gas constant (8.3144 J/mol K),
T is the absolute temperature (Kelvin), and
Eo is the electrode potential at a standard state (V).
Out of the two half cell reactions taking place at two electrodes’ site, one should 
involve species of known concentration (here either Co or C r)  and the other one should 
be the species of interest. Using the Nemst equation mentioned above, the concentration 
of the unknown species can thus be calculated.
10
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The measurement of cell potential of a potentiometric sensor should be made under 
zero-current or quasi equilibrium conditions, thus a very high input impedance 
electrometer is generally required [7].
An ion-selective membrane is the key component of all potentiometric ion sensors. It 
establishes the reference with which the sensor responses to the ion of interest in the 
presence of various ionic components in the sample. Such membranes are also mentioned 
as ‘solid electrolytes’. A solid electrolyte (example; Teflon, YSZ) forms a non-polarized 
interface with the solution. A well-behaved membrane, i.e., one which is stable, 
reproducible, immune to adsorption and stirring effects and also selective, has high 
absolute and relative exchange-current density.
1.3.2 Yttria Stabilized Zirconia Sensing Mechanism 
When Zirconium Oxide material is doped with 8-18% Yttrium Oxide, the resultant 
material called Yttria Stabilized Zirconia or partially stabilized Zirconia exhibits high 
oxygen ion mobility when the temperature of the material is increased to 350°C. Hence 
the material can be used as an electrolyte to specifically transport oxygen ions from one 
electrode to another electrode in an electrochemical cell.
The electrochemical cell of YSZ usually consists of solid material of YSZ in the form 
of a hollow cone upside down acting as an electrolyte as shown in the figure below. One 
electrode is present inside the cone touching the inner surface and the other one is present 
at the outer surface. Such a model was initially developed by automobile industries and 
has been working efficient for many years. The medium whose oxygen concentration to 
be measured is present touching the outer surface of the cone, where as the reference 
medium is present in contact with the inner surface of the cone.
11
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Zirconia Ceram ic
Figure 1.5: Cone structure of YSZ material used in automobile industries
During the process of electrolysis (charge transfer), oxygen molecules are converted 
to ions at one surface, travel through the YSZ and reformed into a neutral molecule 
depositing the electrons at the other surface. Thus during this process, electrons are 
transported from one electrode to another resulting in charge difference between the two 
electrodes.
C>2+4e-<=>20'" (1.11)
A metallic connection is used to sink and source electrons, and chemically catalyzing 
the reaction shown above.
The oxygen present in the reference medium must have access to the surface of the 
YSZ. There are two common ways to achieve this; a porous solid film partially or fully 
covering, and in contact with the YSZ surface (ex: Pt, Rh used) or a liquid metal contact 
where oxygen is mobile in the liquid (ex: Bi/BizOg) [2]. By passing a current of electrons, 
the deposited charges can be driven out of the electrolyte surface. A measurement of 
resulting current would give us the oxygen concentration but this is called amperometric 
mode. However, for potentiometric mode if the circuit is kept open, there exists a 
difference in charges on either surfaces of the electrolyte, resulting in difference in
12
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potential. This reaches equilibrium where there is no current flow due to the equal and 
opposite chemical potential difference force occurred due to concentration difference.
The high concentration side electrode becomes positively charged (lost electrons) and 
the low concentration side becomes negatively charged (collects electrons as ions become 
molecules again). The voltage measured with an infinite impedance electrometer so that 
no charge leaks off the electrometer will be proportionate to the measure of the oxygen 
concentration difference at the site of two electrodes.
When air is used as reference electrode, platinum is used to make contacts with the 
YSZ surface thus catalyzing the reaction converting oxygen in air into ions. In this case, 
the reference concentration would be the oxygen concentration in air. A more stable 
reference is the equilibrium concentration of oxygen dissolved in a solution of specific 
metal/metal oxide mixture. Commonly used mixtures are indium/indium oxide and 
bismuth/bismuth oxide saturated with oxygen, where the equilibrium can be expressed as,
^ ^ h l i q u i d )  ^  ^ h ^ l ( s o U d )  (1-12)
The transport of oxygen ions through the zirconia electrolyte is a thermally activated 
process which does not becomes feasible until the temperature of the electrolyte reaches 
350°C. The voltage detected across the electrolyte becomes reliable only above this 
temperature. This voltage can be utilized to measure the oxygen concentration in the 
unknown medium based upon the Nemst equation explained above.
1.3.3 YSZ Sensor design in LANL
The YSZ sensor designed in LANL is specifically meant to be employed in the 
Materials test loop. Since YSZ sensors are able to measure very low oxygen 
concentration in the range of a few hundreds of ppm to a few tens of ppb, and the sensor
13
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can very well be operable at the LBE system operating temperature range of 300 C - 
500°C, they have been selected to monitor oxygen concentration in MTL. The sensor 
response for this temperature is plotted in the following figure.
LBE: YSZ: Bi/BiO,
0.16
0.15- Actual cooldown data
Ô  0.14-
2  0.13- minlmum coperating 
X^^tempefature
O  0 . 1 2 -
Oxide handbook data
0.10
240 260 280 300 320 340 360 380 400 420
Temperature C
Figure 1.6: Operating Temperature of the YSZ sensor.
The sensor design is very similar to oxygen sensor used in automobile industry for 
exhaust gas monitoring. It has the same conical shape with a rounded bottom which 
means it can be removed from solidified LBE whenever needed and can contain a liquid 
metal electrode inside as reference electrode. It also has a well machined flange at the 
base of the cone which affords the opportunity to clamp a removable seal tightly to the 
sensor.
As mentioned above, the sensor reference electrode could be Pt/air or Bi/BizOs. If 
rVair combination is utilized, the sensor has the freedom to be mounted at any angle, but 
needs a vent to the outside atmosphere leading to potential leak path for LBE. Further, 
using Bi/BizOs will not only provide an air tight system but also provide more stable
14
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oxygen concentration [2]. Hence the later has been selected as the best candidate to be a 
reference electrode for the sensor.
jTI C onnector
voltm eter
W ater
Jacket
Bi /Bi  o  reference
YSZ
ceram ic
Figure 1.7: Design of YSZ sensor developed in LANL
The figure above shows the schematic of the YSZ Sensor being employed in LANL. 
A stainless tube penetrates vertically the loop pipe work and is welded in place. The 
sensor element has a graphite seal at the bottom of the tube so that the cone protrudes into 
the LBE flow. The interior of the tube has several concentric tubes of stainless steel and 
alumina ceramic [2]. This serves several purposes:
(1) the space inside the tube is almost entirely filled, leaving the smallest gaps for 
LBE leak paths;
15
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(2) the inner tubes serve as push rods to compress the graphite gasket material 
between the sensor support ring and the tube lip, and between the sensor and 
the sensor support ring;
(3) the ceramic insulates the innermost tube and the connection wire (made of Ta, 
insoluble in most liquid metals) so they can be used as electrical connections.
A standard vacuum flange with copper gasket is welded to the top end. A mating 
flange seals, and via a spring and the first inner tube, compresses the support ring gasket. 
A second flange with a high temperature BNC feedthrough also seals with a copper 
gasket and through a spring and innermost tube that presses the sensor onto its gasket. 
Electrical connections are made to a liquid reference through a Ta wire down the center 
of ceramic tube, or to the Pt metal coating connection through the innermost tube and a 
spot welded Ta wire to the BNC feedthrough.
A stainless steel water jacket surrounds the tube near the flange end. This provides 
protection against leaks by freezing any liquid LBE which may, in abnormal 
circumstances, find its way into the tube. It also keeps the connection end cool so that 
BNC cable fittings (inevitably containing plastics) are not affected by the heat.
1.3.4 Need for Calibration of YSZ Sensor
Though the newly developed YSZ sensor in LANL is carefully designed and 
examined, the response characteristics of the sensor have not been yet explored. The 
standards for sensor output for various oxygen concentrations have also not been 
developed. These are essential properties of the sensor to be known before the sensor can 
be used in any place. They are also of utmost importance to associate sensor output to
16
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oxygen level. Intensive experiments have to be conducted in order to calibrate the sensor 
and to study various sensor characteristics.
Initial efforts have been taken in Los Alamos National Lab (LANL) to measure the 
oxygen concentration in LBE loop. A preliminary set up was built to calibrate the 
automobile style YSZ oxygen sensor. The set up consisted of LBE loop made of stainless 
steel equipped with a variety of instruments for controlling the oxygen level and 
temperature in the loop. The oxygen concentration level inside the test loop was varied 
by adding either oxygen or hydrogen into the system. A set of calibration curves 
exhibiting the sensor response for various temperature levels was obtained.
Since the set up had a few disadvantages resulting in lack of accuracy of oxygen 
measurement in the loop, we are currently developing, in UNLV, another LBE system 
that eliminates the setback of the previous set up developed in LANL. The current set up 
utilizes a crucible container instead of stainless steel loop, and incorporates a different 
method to introduce oxygen. Similar experiments will be conducted with the current set 
up and the results will be compared with the earlier one.
The major part of my thesis involves development of instrumentation system and 
apparatus design in order to setup the experiment suitable for calibration of the sensor 
and finally conduct the experiment, analyze the results obtained and develop calibration 
standards for the sensor.
This thesis report is meant to describe the preliminary set up developed in LANL and 
the kind of instrumentation and experimental procedure employed in order to calibrate 
the YSZ oxygen sensor. The calibration curves obtained by performing such an 
experiment have also been explained. The paper also reveals the drawbacks of the
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preliminary set up. The new experimental set up and procedure equipped with a variety 
of instruments and devices developed in UNLV are also explained. We discuss the 
advantages of the current set up in UNLV and how it is going to improve the results from 
the previous set up.
The incoming section of the thesis deals mainly with the calibration of oxygen sensor. 
It shows the calculations essential for calibrating the sensor, and the expected results to 
be obtained through experiments. The next section details the preliminary experimental 
setup and calibration strategy developed primarily in LANL and their experimental 
results. It also explains the drawbacks of such setup. This is followed by the newly 
improved setup and procedure developed in UNLV, and the advantages of such setup. 
This new setup has been transported to LANL due to the lack of lab facility in UNLV and 
is currently up and running in LANL.
18
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2
CALIBRATION OF YSZ SENSOR 
Before performing experiments on the sensor, some of the initial calculations have to 
be done in order to determine the expected voltage signals from the sensor and their 
theoretical results. The following sections depict the preliminary calculations and the 
results encountered while scrutinizing a few research papers written specifically for YSZ 
sensor under consideration. These results have to be verified later with the experimental 
one for data reliability.
2.1 Expected Signal Output from YSZ Sensor 
For a YSZ sensor with Bi/BiaOa as reference electrode, and a system of molten LBE 
of unknown oxygen concentration as the counter electrode, the equation involving 
oxygen transport can be expressed as [1],
+ ~ ^L ^3(so <=* (2.1)
During this process, oxygen is transported from the region of high concentration 
(Bi/Bi2 0 3 ) to the low concentration side. (PbO)
According to Nemst equation [I] [7], the potential difference across the electrolyte is
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Using the oxide handbook data [3],
log 0 1381)-0.366 (2.3)
To attain maximum sensor voltage corresponding to minimum allowable oxygen 
concentration below which steel corrosion takes place, we use the expression for amin 
derived in equation (1.16). Hence,
= 8 .1 7 x lQ - 'r  + G.43l[y] (2.4)
To attain minimum sensor voltage corresponding to maximum oxygen concentration 
above which lead oxide precipitation takes place, we incorporate the result obtained in 
equation (2.3), amax=l- Hence,
= -3 .6 3 x 1 0 -^ 7 + 0.138l[y] (2.5)
However, using the solubility data obtained from Institute of Physics and Power 
Engineering (IPPE), the relation in equation (2.2) can be modified as,
10094
logO f^ = -----— ( E - 0 .088)-0 .18  (2.6)
Hence the voltage extremes can be expressed as,
-  7.42x10-^7 + 0.442[y] (2.7)
= -1 .7 8 x 1 0 -^ 7 + 0.088[y]
The difference between the results from two data sources is appreciable at Emin but 
remains small throughout the relevant temperature ranges for Emax. The following
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calculations and plots will be done based upon the data from Oxide Handbook and the 
IPPE data will be utilized just for reference and verification.
2.2 Expected Calibration results from YSZ Sensor 
Because of the turbulent mixing flow in the typical lead and bismuth coolant systems, 
it is the oxygen concentration rather than OTA (discussed in section) that is constant 
throughout. More likely than not, the oxygen in the melt is in equilibrium with the cover 
gas oxygen at the coldest part of the system. Since oxygen sensors work effectively only 
above 350°C for the lack of sufficient oxygen diffusion through the solid electrolyte, it is 
essential to plot a relation between E vs T to figure out the existence of proper conditions 
throughout the systems. This would ensure that through measuring OTA at a workable 
temperature and location we can detect possible coolant contamination conditions at the 
coldest part where the sensor may not work properly. Conversely we can also detect 
possible corrosion conditions at the hottest part where it is difficult to insert oxygen 
sensors, such as in a spallation target or in reactor cores.
Using the equation (2.2) & (2.3) obtained from Oxide Handbook, the relationship 
between E and T can be expressed as,
E{T) -  -9.92 X10 '  7(log c,,o (T, ) -  log  ̂(7) + 0.366) + 0.1381 
= - 3 .6 3 x l0 '7 - 0 .1 9 9  + -
  0.3777 (2.8)
H ere Tg represents the tem perature at the coldest part o f the system  w here the voltage 
is minimal (Emin).
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Figure 2.1: Expected Signal Output at different oxygen concentration
The results shown in the plot above are obtained using the above formula. Different 
concentration lines are obtained by varying Tc. The solubility limit line Emin is obtained 
from the equation (2.7).
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CHAPTER 3
PRELIMINARY EXPERIMENTAL SETUP FOR SENSOR CALIBRATION 
Initial attempts were made in LANL to calibrate the YSZ sensor and study the sensor 
characteristics. Appreciable results were obtained and were pretty comparable to the 
theoretical results. The following section deals with the experimental setup and procedure 
followed, and the results have also been discussed. The final section brings out the 
shortcomings of the setup which were hindering the smooth operation of the system.
3.1 Oxygen Control Methodology 
Oxygen concentration in LBE (tens of ppb) and cover gas are measured in-situ with 
Yttria stabilized zirconia (YSZ) solid electrolyte electrochemical sensors. Under 
equilibrium, the partial pressure of oxygen in the cover gas space above LBE should 
equalize that in LBE. In order to maintain this equilibrium within the limit of allowable 
oxygen concentration, oxygen has to be introduced or depleted in the system. Further 
more, while performing experiment, oxygen level must be varied, so that sensor response 
can be studied for various concentrations. The method of introduction or removal of 
oxygen concentration in LBE fixes the strategy to calibrate the sensor. The better the 
method is, the more accurate the results will be. In the preliminary experiments 
conducted in LANL, ‘Direct injection of Oxygen and hydrogen gases has been employed.
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In this method, to increase oxygen content in the test loop, 6% oxygen is mixed with 
an inert cover gas such as Helium and then introduced into the system. To decrease 
oxygen content, 6% hydrogen mixed with Helium is introduced into the system. Excess 
oxygen reacts with hydrogen and exits as steam through the exhaust gas line. The gases 
of interest are mixed typically with the inert gas to regulate the pressure inside the 
system. Sometimes only Helium may be introduced into the system to maintain the cover 
gas equilibrium.
The advantages of such method are:
(1) The setup and procedure are simple,
(2) The input and output are in gas forms with easy addition of gas supplies and 
no solid residues, and
(3) It is applicable either as injection into LBE through a bypass loop, or over a 
flowing LBE pool where the mass exchange rates are favorable.
The hydrogen injection line can be utilized to clean up the excessive metal oxides in 
the system and restore thermal hydraulic performance of the LBE systems after 
prolonged operations.
3.2 Experimental Setup 
Using large systems like MTL, it was difficult to properly calibrate the oxygen sensor 
since we had to maintain oxygen concentration through the system. Rather it was easy to 
develop a small test loop that modeled the LBE loop (MTL) and then study the sensor 
properties. Hence in LANL, we developed such a small system with a steel tube and
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essential instruments assembled together mainly simulating MTL (described in 
Introduction section).
Inlet
ValveOutletValve
Inlet for H2, 
0 2  and 
He
Exhaust
G ases
Voltmeter]
■tt
Senso
Heater
□quid
LBE
Figure 3.1: Schematic of Preliminary Experimental Setup in LANL
The schematic arrangement plotted above depicts the experimental setup in 
LANL. The setup consisted of a conjoined L shaped tube made of 316L stainless steel 
(same material as the vertical test section of MTL) containing molten LBE. The YSZ 
sensor was inserted vertically at the center of the tube and welded in position. This 
allowed the conical Zirconia tip just touching the molten LBE paving way for oxygen 
ions to pass through. The sensor output was connected to electrometer through BNC 
cables specifically meant to transfer signal without any external interference and 
noise. The steel tube was tightly sealed from outside atmosphere except for a few gas 
inlets and outlets. Hydrogen/helium mixture, oxygen/helium mixture and helium were 
introduced into the system through separate inlet tubes. The inlet tubes protruded 
well deep into the liquid metal until it reached bottom line of the sensor. A few holes
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were made on part of the inlet tubes below the sensor so that the gases coming out of 
and monitored by flow meters and pressure regulators.
Separate exhaust gas lines were introduced to clean out excess hydrogen, oxygen 
and helium. Care had to be taken that no outside air would come into the system 
through the exhaust lines. Hence we built a beaker unit containing water connected to 
the exhaust lines as shown below. It contained two beakers (as shown in figure 
below), the first one connected to the exhaust line, and the other one connected to the 
first beaker. The first beaker was made totally empty and the second one was 
contained with distilled water. During high pressure times inside the system, excess 
gas would exhaust to the first beaker and then bubble out through the second beaker 
leaving the system cover gas in equilibrium. During low pressure times, gases would 
be sucked in from the first beaker. This would make water to drain from the second 
beaker to the first one. This arrangement totally sealed the exhaust lines from outside 
atmosphere.
Exhaust
Second
Beaker
^  Une^  G as 
O u tle tn
Cork
Distilled
W ater
First
Beaker
Figure 3.2: Schematic of the Beaker Arrangement used as Exhaust gas outlet
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Heat jacket surrounding the steel tube were meant to heat the molten metal inside to 
the desired temperature and the whole system was enveloped by insulating materials to 
avoid any kind of heat loss.
3.3 Instrumentation System and Devices 
The setup was equipped with a variety of instruments and devices to build an 
ambience conducive for the experiment to proceed. Air leakage was one of the main 
concerns that highly affected the experimental data collected. Hence to continuously 
monitor the air leakage, we used Residual Gas Analyzer (RGA) obtained from Stanford 
Research Systems Inc., connected to the system. RGA would determine the partial 
pressures of all gases inside the system individually and thus would detect the kind of 
gases inside the system. An ideal LBE system would show only gases like helium, 
hydrogen and oxygen and rarely any vapors of the metal inside. The presence of nitrogen 
would indicate air leakage inside the system as nitrogen contributes nearly 70% of 
atmosphere. Thus leakage could be detected and rectified.
The temperature of the system would be monitored using k type thermocouple 
obtained from Omega Scientific Inc. A temperature controller bought from the same 
company was connected to the heat jacket to control the temperature of the system.
A multi gas flow controller from MKS was attached to the inlet pipes to control the 
gas flow. The controller possessing enough number of channels also would monitor and 
regulate the gas flow and pressure. Separate pressure valves were also present in line with 
the gas inlet tubes to close or open the gas flow.
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The data acquisition software Lab VIEW developed by National Instruments was 
utilized to acquire the signals from the oxygen sensor and thermocouples. A separate 
software program was written in LabVIEW for data acquisition and data storage in a 
repository. The program would scan the data from the sensors for every minute and 
display them in a chart. The data storage was meant for future reference.
Since the signal output from the oxygen sensor was of very low power, the 
electrometer employed to monitor the voltage was of very high impedance. This would 
avoid any kind of charge leakage that lead to signal inaccuracy.
Oxygen diffusion in liquid metals especially lead-bismuth is extremely low. Hence to 
improve the oxygen diffusion rate, rocker system was employed. A high torque DC 
motor would continuously oscillate the steel tube to and fro, gently agitating the liquids 
and gases and mixing them together inside the tube, however, without creating any 
turbulence. The picture below shows the preliminary setup for oxygen sensor calibration.
Temperature 
Controller
Exhaust 
Line
Inlet Line
Beaker
System YSZ Sensor
Figure 3.3: Preliminary setup picture from LANL to calibrate YSZ sensor
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3.4 Experimental Procedure
The experiment was conducted by initially setting up the temperature of the system to 
500°C. The rocker system was initialized and oxygen concentration was maintained at 
certain level by either introducing hydrogen/helium mixture or oxygen/helium mixture. 
The sensor and thermocouple readings were fed to LabVIEW program. On introducing 
oxygen the sensor output decreased down rapidly where as on introducing hydrogen, the 
sensor signal showed gradual increase for a few minutes, revealing that hydrogen 
combustion in the tube was sluggish. Once the voltage reached saturation limit, the 
temperature of the system was decreased by lO^C and the readings were monitored. We 
found that decreasing the temperature, brought down the voltage curve showing that 
oxygen content was increased as oxygen concentration was inversely proportional to emf 
as per Nemst equation. This oxygen increase was due to the fact that oxygen 
thermodynamic activity with metal oxides decreased with temperature. Hence the 
following reaction was more tended towards the reverse direction with the decrease in 
temperature.
(3 1)
This process was repeated until oxygen reached the solubility limit and further 
decrease in temperature would push up the voltage curve. The same procedure was 
followed for various oxygen concentrations.
While performing experiment, we found leakages in the system inlet and exhaust gas 
lines through RGA and were later rectified. We also discovered the exhaust gases 
contained high amount of hydrogen than expected. The gas was much lighter than heavy 
LBE and hence it was escaping out of the system very fast resulting in little oxygen
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depletion. Hence we had to dismantle the system for a while and pierce a few more extra 
holes in the inlet tubes to improve the intensity of hydrogen flow. We also performed the 
same experiment for another YSZ sensor of similar design. The results obtained from 
both the sensors are shown and discussed below.
3.5 Calibration Results 
The figure below shows the voltage vs. temperature curves obtained for various 
oxygen concentrations. Curves la, 2a, 3a, were curves for the first sensor and lb , 2b, 3b, 
4b were meant for second sensor.
2 0 0  T
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180 - -  
170  -  -
?  160  ..........
130  - •
1 2 0  - -
100
300  320  340  360  380  400  420  440  460  480  500
Temperature(°C)
Figure 3.4: E vs T Curves at different oxygen concentrations obtained from
experiments.
The curves are consistent with the theoretical one shown in fig. 2.1 with an average 
slope of 0.55, showing the credibility of our results. The results obtained from two 
sensors also coincided well, revealing that they both have same properties and response 
characteristics.
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Figure 3.5: Voltage response of the oxygen sensor to hydrogen and oxygen gas
f lo w .
The plot above shows the sensor response on varying the oxygen concentration inside 
the loop. The curves clearly depict that; addition of oxygen was a fast process where as 
removal of oxygen was a slow process. Hence the system would take more time to clean 
up loop content than to contaminate it.
Although the results obtained were pretty close, they were not accurate due to the 
drawbacks of the experimental setup as explained below.
3.6 Shortcomings of the Preliminary Setup 
The setup and procedure described above had a set of major disadvantages that 
hindered the smooth operation of the experiment. They are listed below.
(1) The setup design itself had a poor sealing system. This often caused leakages 
leading to inaccuracy of the data. Hence the experiment had to be performed 
from scratch leading to delay in bringing out the results.
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(2) The heating system used could heat up the liquid metal at the maximum of 
500°C, limiting our sensor operational range.
(3) The rocker system employed was not efficient enough to mix the liquids and 
gases as quick as possible. This further delayed the course of the experiment.
(4) The setup could calibrate only one sensor at a time. Hence the experiment had 
to be repeated again for the second sensor.
The calibration system (Direct injection of Oxygen and Hydrogen) itself had many 
drawbacks as mentioned below:
(1) The mass exchange rate between the oxides and the injected gas was very low 
leading to lethargic chemical reaction between them.
(2) Injection of hydrogen had a poor response leading to slow oxygen depletion 
process in the system when compared to instant shoot in oxygen concentration 
when the same was injected. Hence we had to wait for the sensor voltage to 
settle down at a constant value before further proceeding with the experiment.
(3) Excess addition of oxygen at the inlet pipes resulted in slag formation that 
could be transported to various parts of the LBE system and got accumulated 
making it difficult to clean up the system.
(4) It was really difficult to maintain exact amount of oxygen concentration (ppb 
level) with this method.
Currently, a new assembly has been developed in UNLV HRC, which alleviates the 
difficulties caused by the earlier setup. The following section is mainly concentrated to 
detail the newly revised version of the experimental setup and procedure.
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CHAPTER 4
CURRENT EXPERIMENTAL SETUP FOR SENSOR CALIBRATION 
The current experimental design and methodology developed in UNLV and under 
construction in LANL have been modified to expedite the experiment duration and 
improve the quality of the results.
4.1 Oxygen Control Methodology 
Since the calibration strategy (Direct Injection of Hydrogen and Oxygen) 
incorporated in the previous setup had many drawbacks as mentioned before, an 
alternative method is employed in the current experiment.
Here a mixture of hydrogen and steam is injected into the molten metal stream to 
accurately control the oxygen partial pressure. A mixture of Hydrogen and cover gas (He 
or Ar) is passed through a temperature controlled steam bath to pick up water molecules 
at a proportionate level.
The reaction undergoing during this process can be expressed as [I] [8] [9],
H  2+-;^H20 H 2O (4.1)
The reaction equilibrium constant is,
(4.2)=exp
V RT
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Rearranging the above equation, we get
exp
Hi V y
(4.3)
It is evident from the above equation, that the ratio of H] and H 2 O determine the 
partial pressure of oxygen. Thus by introducing exact proportionality of hydrogen/steam 
mixture, we would obtain desired level of oxygen partial pressure and thus the oxygen 
concentration. The hydrogen/steam mixture can either go directly into the LBE system to 
complete the reaction there, or go through a high-temperature reaction chamber to reach a 
thermodynamic equilibrium (hence the desired oxygen level) beforehand.
For iron oxide reduction, the equation (4.3) can be expressed as.
H ,_ 0 = exp
RT (4.4)
= 101.25-1646/7'
For the formation of PbO is, equation (4.3) can also be modified as,
77,0 = exp
« 2
~^PbO
RT (4.5)
=  10 2.43+1301/r
These two equations determine the range out of which either iron oxide corrosion or 
lead oxide contamination takes place. The figure below shows these two extremes of 
corrosion and contamination.
34
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1000000
PbO
CONTAMINATION
10000
1000
g 100Q . OXYGEN CONTROLLED
i
CL
0.1
CORROSION0.011
IE-3
1.00.8 1.2 1.4 1.6 1.8 2.0
iooon-[i/K]
Figure 4.1; Hi and HiO mixture in the cover gas for controlling oxygen levels
For optimal oxygen concentration, the hydrogen/steam ratio can be anywhere within 
the two lines in the plot.
4.2 Current Experimental Setup 
The current innovative setup, shown in fig. 4.2, incorporates crucible type design 
instead of steel tube method discussed in earlier sections. The liquid LBE is contained 
inside the cylindrical crucible made of Magnesia Stabilized Zirconia (MSZ) ceramic. 
MSZ has a few promising properties like high thermal shock resistance, insolubility in 
molten metals, non wetting characteristics which makes it ideal for our operation. The 
crucible is tightly sealed from outside atmosphere through a gasket and metal flange 
arrangement on top of it and is contained inside a stainless steel (SS) bucket. The SS
35
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
bucket acts as a pressure boundary, and distributes the weight of the molten metal and the 
crucible to the outer support. Backup materials are used to fill up the gap between the 
crucible and the SS bucket. The inlet tubes for hydrogen/steam mixture and helium are 
also present entering deep into the liquid metal as before. A heat jacket enveloping the 
stainless steel bucket can heat up crucible content upto 700*^C.
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Figure 4.2: Schematic of the crucible type arrangement under construction in
UNLV
In order to improve the diffusivity of gases in liquid metal, a stirrer system is placed 
at the center of the crucible. The stirrer shaft and blades were already properly designed 
and manufactured to agitate the liquid constantly at a pre-determined speed. The stirrer is 
operated using a high torque DC motor and a vacuum feedthrough. The stirrer design and 
material selection are briefly explained in the next section.
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The connection between the feedthrough and the metal flange is done through a 6 
inch long steel tube, as shown in the figure. This is because the vacuum feedthrough and 
the motor cannot withstand the high temperature existing below the metal flange and 
hence a cooling unit is employed surrounding the steel tube maintaining all the 
equipments present above, well below 50*^0. Thus the stirrer attached to the vacuum 
feedthrough passes through the steel tube all the way down the crucible. RGA is also 
present and does the same job of leak detection as before. The exhaust tubes shown 
would clean out excess cover gases to maintain equilibrium of the system. Provisions for 
inserting two oxygen sensors are also there on the metal flange. Watch windows are also 
provided on the flange to monitor the process going on inside the system.
The whole system is being covered with insulation material and fire bricks to prevent 
any heat loss.
4.3 Stirrer Materials and Design 
The stirrer used for agitating the liquid metal is specially manufactured using Silicon 
Nitride (Si3 N4 ) ceramic. The ceramic has the following properties,
(1) High strength over a wide temperature range,
(2) High fracture toughness,
(3) High hardness,
(4) Outstanding wear resistance, both impingent and frictional modes,
(5) Good thermal shock resistance, and
(6) Good chemical resistance.
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Hence the ceramic is widely used in mechanical industries as rotating bearing balls, 
cutting tools, turbine blades and vanes etc...
In our case, the stirrer has to mix the molten LBE which is 10.4 times heavier than 
water and almost twice its viscosity at the operating temperature. As the above properties 
reveal, none other than Silicon Nitride would be one of the best candidates as a material 
for the stirrer.
One of the crucial parts in properly designing any stirrer is the shaft dimension. The 
following procedure provides some of the preliminary calculations made in order to fix 
the geometry of the stirrer.
Figure 4.3: Schematic of the SisN4  stirrer design employed in crucible type system
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The figure above is a crude stirrer design suitable to be placed inside the crucible. The 
stirrer head has disc type impeller with 6 blades attached, and the blades tilted at an angle 
of 45° to enforce an upward thrust on the liquid. Based upon the crucible geometry, some 
initial assumptions were made before proceeding further. They are:
The Maximum speed of stirrer rotation, N=60 rpm.
The diameter of the impeller, D=4.5 inches, and 
The Length of each blade, L =3 inches.
The height of stirrer shaft, S =13.5 inches.
The unknown dimension to be determined through calculations is the shaft diameter.
The power required to rotate an agitator impeller (or stirrer head) can be given by the 
general formula [10],
where
Np is the power Number,
p  is the specific gravity of the liquid,
N  is the speed of rotation (rpm), and
D is the impeller diameter (in.).
Here Power Number, Np is a dimensionless quantity that solely depends on impeller 
geometry [10]. The power number is determined experimentally and is a function of 
another factor called impeller Reynolds number which is given by,
Wr.  = (4.7)
where
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D is the impeller diameter (in.),
N is speed of impeller (rpm),
p  is the specific gravity of liquid LBE (10.4), and
p  is dynamic viscosity of liquid LBE (lbm/in.s).(= 1415.95 at 200*^C)
Hence impeller Reynolds number is found to be.
4.5'(60)(10.4)
1415.95 (4.8)
= 8.92
Experiment has shown that for a disc type impeller approximate value of power 
number, Np with Nre = 8.92 are 8.0 [10]. Here disc type impeller is employed because it 
is well suited for our application. Whenever gas is introduced from the inlet tubes present 
just below the impeller, the circular disk prevents gas from bypassing the blades or 
flooding the turbine, instead forcing it on a path of high shear zone along the lower edge 
of the impeller blades.
Substituting the above value in equation (4.6), we get
8(10.4X60)^4 5=
1.524x10"
=0.0022 hp
Assuming only 70% of the motor power is used efficiently due to frictional and other 
losses; the required motor power is calculated to be,
P= 0.0022 X 1.3 = 0.00286 hp. (4.10)
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The shaft diameter for our stirrer can be calculated by knowing the shear stress acting 
on the stirrer. In order to calculate the shear stress we need to calculate the torsional 
stress and bending stress [10]. Motor torque is given by the general formula,
^ ^ ^ 6 3 0 2 ^  (4.11)
^  63025(0.00286)
n =  --------- (4.12)
= 2.972 in. -Ibf 
The torsional stress on the shaft is given by,
where
OD is outside diameter of the hollow shaft (in.), and 
ID is inside diameter of the hollow shaft (in.).
Since we do not have any hollow shaft for our stirrer design, 1D=0.
_  5.093(OD)(2.972)
O D ^- 0
The Hydraulic force acting on the turbine blade is given by [10],
H F =3.48x10-" (iVp)(A“ ' ') ( D /12)^'^ (5G)(RM) (4.15)
As per the information given in various books, the regime factor RM for our design is 
2.5. Hence,
HF  = 3.48x10-" (8)(60‘ )(4.5 /1 2)^" (10.4)(2.5)
=2.116 Ibf
The bending moment of the shaft is given by.
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where i represents number of stirrer heads. Since we have only one turbine attached 
to the stirrer, i= l.
M =H F*L (4.16)
where L is the stirrer length from the top of the shaft to the bottom where it meets the 
stirrer heads
M =2.116(15)
= 31.74 in., Ibf (4.17)
The bending stress can be given as shown in equation (4.18),
5.093(OD)(M) .
5.093(OD)(31.74)
OD" - 0
(4.18)
Thus the total stress can be written as,
S S = ^ [ s s f + ^  (4.19)
Substituting equations (4.13) & (4.18) in the above equation, we get
= ^ ^ V ( 2 - 9 7 2 '  +31.742)
OD^ ^
OD^
Usually the m axim um  allowable shear stress is taken to be 6000 psi. U sing this value 
in the above formula.
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0D = 0.407 inches
Thus the minimum shaft diameter needed for operation is calculated to be, 0.407 
inches. Considering this minimum value and the manufacturing difficulty in fabricating 
silicon nitride material, the shaft diameter is fixed to be 0.70 inches.
4.4 Instrumentation System and Devices 
A few modifications in instrumentation have been done in the current setup when 
compared to the earlier one. The schematic below shows the flow diagram of the present 
instrumentation system.
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Figure 4.4: Flow Diagram of the Instrumentation System of the Present
Setup
The primary one is the usage of ramp and soak temperature controller for heating and 
controlling the temperature of the crucible. The CN3251-R-S2 controller obtained form 
Omega Inc. has been programmed through RS232 interface to automatically decrease or 
increase the temperature of the liquid metal in steps whenever needed, which was done
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manually in the previous setup. The output form the temperature controller is connected 
to a solid state relay and in turn to a heat jacket. The figure below shows the front panel 
view of the graphical program written in Lab VIEW to control and monitor the 
temperature controller operation. The program also includes the data acquisition from the 
thermocouple and the oxygen sensor.
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Figure 4.5: Data Acquisition front panel to control CN325I temperature controller 
from Omega Inc. The graphical program is written in Lab VIEW 6.1 developed by
National Instruments.
The Multi-gas Flow Controller (MFC) from MKS is used to monitor and control the 
flow of oxygen, hydrogen and helium gases into the system. The flow controller has also
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been interfaced with Lab VIEW through rs232 port to automate the instrument. The figure 
below shows the front panel view that monitors as well as controls the instrument action.
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Figure 4.6: Data Acquisition front panel to controlling multi-gas flow controller 647C 
from MKS systems. The graphical program is written in Lab VIEW 6.1 developed by
National Instruments
As soon as the gas leaves the gas flow controller, it passes through a temperature bath 
maintained at a constant temperature and then into the system. The unreacted gases leave 
the system through the exhaust line. The whole line of gas flow can be depicted through 
the following flow diagram.
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Figure 4.7: Flow Diagram of gas flow in the new setup
The remaining instruments like RGA, electrometer, pressure controller will perform 
the similar operations as before.
It is certain that we would waste enormous amount of hydrogen gas as most of the 
gases go unreacted. Hence a low flow rate circulating pump has also been employed 
along the outlet line to re-circulate the gases into the system that escape through the 
exhaust.
Previous experiment has showed that traces of oxygen although in small quantity 
present in the hydrogen/helium mixture could drastically affect the course of the 
experiment. Hence a portion of the inlet tube has been wrapped with heater that can very 
well go up to 400°C making ambience for hydrogen-oxygen combustion thus completely 
removing residual oxygen.
In order to control the flow of hydrogen and steam ratio, we will be employing a 
separate Oxygen Control System (CCS) device from Germany. CCS has the capability of 
maintaining hydrogen and steam at certain dew point and temperature and then back 
calculates the oxygen concentration in the system through the equations depicted in
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section 4.1. The control system is written by Lab VIEW. The figure below shows the OCS 
device meant for oxygen control.
Figure 4.8: Oxygen control system from Germany
4.5 Experimental Procedure 
The procedure is more or less similar to the previous one. Bulk of LBE of about 53 
kilograms (calculated based on the crucible volume) is added into the system and then 
totally sealed form outside atmosphere. The LBE system is heated to a temperature of 
about 500°C, and then the stirrer is allowed to rotate at a constant speed. Initially, the 
content of the system would be dirty with chunks of lead oxide floating on the molten 
metal due to excessive amount of atmospheric oxygen that got trapped into the system. In
48
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
order to clean up the system, hydrogen/helium mixture, filtered from oxygen traces by 
passing through a heater section, is introduced into the system continuously until oxygen 
concentration is considerably reduced to a lower level. The oxygen sensor signal and 
thermocouple readings are continuously monitored. Once the sensor voltage shows a 
constant value, ramp-soak operation of the temperature controller is performed in which 
the temperature is reduced in steps of 10*̂ C until the oxygen level reaches a saturation 
limit and the sensor response characteristics are studied.
Once the oxygen level reaches solubility limit and the sensor shows a constant output 
for a while, oxygen concentration is changed by introducing more gas mixture and the 
experiment is conducted again. At the final stages of experiment we will expect different 
concentration curves very similar to the one shown in fig. 2.1.
4.6 Advantages of the Current Setup 
The current setup in UNLV has many advantages over the previous one and can be 
listed as follows:
(1) Since the whole LBE system is not rocking as before, there is a little chance of 
leakage in the system.
(2) The heating unit can heat up the crucible content upto 700^C giving us more 
room for the range of operation.
(3) The stirrer system is very efficient in mixing the crucible content than the 
earlier rocker system. The diffusivity of the gases in the liquid metal can be 
varied just by changing the speed of rotation of the stirrer, and thus the mass 
diffusion rate of oxygen in LBE can also be studied.
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(4) The setup can calibrate two sensors at a time and hence both the results can be 
cross verified.
(5) The calibration strategy employed is very effective in maintaining accurate 
amount of oxygen into the system.
(6) Since oxygen and hydrogen are not added directly into the system, there is no 
slag formation.
The new setup is currently under operation in LANL. Presently, we are involved in 
cleaning up the system by passing hydrogen gas, as the LBE content inside is 
contaminated with high amount of lead oxides. The hydrogen/helium mixture before 
entering into the system is also passed through stainless steel tubes maintained at 450°C, 
hoping to remove any residual oxygen left in the mixture. The picture below shows the 
current setup under operation in LANL.
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Figure 4.9: Picture of the new experimental setup developed in UNLV
4.7 Difficulties Encountered in the Current Setup 
The new setup is currently under operation in LANL. Presently, we have encountered 
a few problems in running the setup smoothly. Initially, the oxygen sensors worked well 
for a couple of days and then started showing negative voltage. This was due to heavy 
contamination of lead oxide inside the system. Hence a temperature bath was installed in 
the path of the inlet tube in order to remove any trace of oxygen in it through hydrogen- 
oxygen reaction and thus limit lead oxide contamination. The oxygen sensors have also 
been replaced with more content of bismuth oxide in it so as to withstand for a longer 
period. Recently, a major crack in the MSZ crucible has been discovered due to heavy
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thermal shock. Hence the crucible has to be replaced and care has to be taken in future 
not to heat up the crucible faster.
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CHAPTERS
CONCLUSION
Thus the experimental results obtained from LANL were studied and measures have 
been taken to modify the experimental setup and procedure. The current setup developed 
in UNLV is way better than the previous setup as discussed in earlier sections and 
provides better environment to proceed with the experiment smoothly and bring out 
quality results. However, care has to be taken while assembling the system since now we 
are dealing with ceramic materials which are brittle in nature. Currently due to the lack of 
lab facility in UNLV, all the instruments and devices to conduct the experiment have 
been transported to LANL.
In future, the new setup will be used to study other sensor characteristics, and LBE 
activity on various materials. Various other kinds of sensors will also be tested using the 
setup. The data Acquisition and Control part in instrumentation will also be improved for 
easy use.
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